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The nain objective of this research program is to seek basic under- 
standing of non-linear effects r*=s''C7itcd v;ith caustics, through labora- 
tory simulation experiments of sonic booms in a ballistic range and a 
coordinated theoretical study of scaling laws. Two cases of superbooms 
or enhanced sonic boons at caustics have been studied. The first case, 
referred to as "acceleration superbooms", is related to the enhanced sonic 
booms generated during the acceleration maneuvers of siijicrsouic air- 
crafts. The second case, referred to as "refraction siinerboons", involves 
the suporboons that arc generated as a result of atnospneric rofiaction, 
Imjiortant theoretical and cxpri-imental results obtained in this 
research program arc briefly reported below with complete details to be 
fo\ind in the M.l.T. Doctoral Thesis of -Sanai^. Most of these results 


have been presented at several professicnal meetings .tt'-cI reported in the 


■7 7 

literature' ’ ; two papers uescribi 


ing the m.'iin results have also boon sub- 
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jnitted for publication in the Journal of the Acoustical Society of America *' . 

^ • Acceler at ion Superboons 

Acceleration superhooms arc studied by firing projectiles of dif- 
ferent sizes and shapes at constant supersonic speeds into p.aseous media 
with decreasinjr sound speed alonR the line of flight. This results in 
trajectories with increasing body Mach numbers which simulate the accelera- 
tion of supersonic aircrafts. 

Theoretical analyses include the development of a computer pro- r 

gram wlsich locates the geometrical -acoustics rays and s)>ock fronts for )' 

15 

an idealized model of the above experiments ’ . The results indicate 
iliat a concave shock front is produced which converges and folds over 
itself as it passes a cusp formed at the junction of two caustic sur- 
faces. CTIie cusp is i.sually referred to as an arftc or superfocus.) A 

2 

scaling law for peak overpressures near an arCto has been developed'’. 

According to this law, the peak ovcrprcs.surc at the arCtc is dependent 
on tlic shanc and strength of tl'.c shock some tine before tlie arftc is reach- 
ed. Theoretical st\idic.s have also boon made to examine the effects of 
refraction introduced in the present simulation experiments^’^. They 
show tJiat tJic behavior of the superhoon generated in tlie simulation ex- 
periments are comjiar.ahlc to that observed in real acceleration maneuvers. 

To analyse the flow fields produced in the simulation experiments, 

signature.s from pressure transducers h.ave boc7i studied in conji'nction wit’) 

1 r, a 

dual -schi ieren pictures obtained simultaneously during each run 
Tor weaker .shocks (sb.ock ;*ach numbers of about 1.0.1) generated by 
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17-c.ilibor bullets nt low supersonic speeds, a structure similar to that 
of a folded shock jircdicted by the linear theory is observed in tlie 
schlicren pictures while for slie.htly stronj>er shocks (shock Mach numbers 
of al>out 1.05) generated by faster 17-caliber bullets, a concave fociisinp 
front is recorded^ In the case of very stronR shocks (shock Mach 
numbers of about 1.30) {tenerated by 12.7 mm-di.amcter spheres or conical- 
nosed bodies at hir.h supersonic speeds, no folding-like structure ha.*! 
been detected in the available schlicren viewing field while both 

focusing and dcfocusing (or flattening) of shock concavities have been 

15 0 

observed ’ . Rased on these ohserv.ations, it has been conjectured' 

that the fold-over hypothesis of tlie geometrical acoustics theory and 

the hypothesis of V.’liitlian that concave shocks will straighten oitt witliout 

folding are cornjilemontary rather than contradictory and that oacli .applies 

under certain (and as yet not coriplctely delimited) shock conditions. 

A])pl icabi 1 ity of V.'hitham's sl\ock-sliock tlicory* to the present 

e.xperincnts have \iccn tested by assuming tb.at the point at which the 

minimun radius of curvature of the sliock conenvitv, r . , is measured 

nin 

corresnoiids to the "shock -shock" in I'-Tiitham's tlieory^ . A rc.ason.ablc 

rgreement is found for c.ascs witere r . is very small: i.c., for r.a.ses 

min 

where the shock-shock geometry of V.lutham is approaclied . 1'or other 
cases, tlie .ngrcenei'.t is poor with the shod: concavity "nron.agat ing" at 
.a fa.stcr speed along the shock face th.an that predicted by the shock- 
shock tiu'ory. 

’In this t’u'orv, d 1 sennt i ;rii t i es in shock i nc 1 i nat i mis .and ’kach niimhors 
arc .a.ss'.vacv! to exist across a 'kshock-s'Kicl." uhidt pronac.atcs .alonr tlio 
:;l:oc!, i.ace. 
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F.nhanccd overpressures have been detected in the shock concavi- 
ties on the basis of shock speed calculations from superimposed dual- 

1 *> 19 

schlieren pictures as well as from direct pressure measurements ' . 

This cnhanccnent or focus effect is found to depend on the shock curva- 
ture and its nominal strcnptlu With the aid of the Guiraud-Thcry 
scaling law**, a remarkable correlation has been obtained for the 
focus factors measured in tlie experiments involving weak shocks (shock 
Mach numbers of about l.OS) and strong shocks (shock Mach nunhers of 

about 1.30) with the variation of r . (here representing the extent of 

min 

1 o 

bending of the front) from 9 cm to 2 cm , The results tend to suggest 
the substantial effects of the shock curvature and nominal strength in 
the focusing ni’.ononenon . 

\ largest focus factor of 2.0 has been obtained in the present 
experiments^. (Tlie nominal shock Mach number was ahout 1.05 for this 
case.) This value, witli aiipropriate theoretical scaling to account for 
differences in sliock overpressure ratios, suggests that peak magnifica- 
tions of atmornheric sonic booms due to accelerated flight slioiild ho in 

the range of 6 to 13, which compares favorably with results of field 
9 

tests . 

2. P.ofrr^c^ion Sunerboons 

To simulate the refraction sujierhooms, proicctilcs are fired at 

**Tliir. law prescribes tliat the focus factor at corre snond i iig points along 
a si.'iOotb. caustic should vary with the nominal shoclc overpressure ratio 

as rA’->,'p„) in any ti.o geometrically similar experiments involving 

Weak shoc'.s. 


low supei'sonic speeds into a gaseous medium produced by a slow injection 
of CO^ into air tlirough a porous rubber sheet located at the bottom of 
the test section ’ * . Schlieren observation of the resulting flow fields 
Indicate that the generated shochs are reflected near the sonic cut-off 
elevation, where the local sound speed equals the body speed, provided 
that such an altitude exists. The incident shock and its reflected 
portion join to form a Y-shaned confipuration near the cut-off region. 

This has been compared to the predictions of the linear theory, which 
indicates that the incident shock is totally reflected at a c.austic 
located at the sonic cut-off elevation and that the reflected shock 
joins the incident shock to form a cusp at the caustic. The difference 
between the two sliock configurations near the cut-off elevation is 
believed to be related to the non-linear effects near the caustic. 

A remarkable similarity has been found to exist between the triplc- 
sliock Y-shaped configuration oI'SCt^'o.I in the present simulation experi- 
ments and tliat produced hy an irrct-ular Ma< ‘ .'e.Mccticn of a shock at a 
solid surface ’ . However, dctnilcc comparisons with several studies 
of I’ach reflection indicate tb.at. the similarity is restricted to the 
shape alone and docs not extend to other important flow features such as 
the shock strength. In particular, the Mac!-, stem produced in th.o irrcp.ular 
reflection is at least as strong as the incident shock while t!^e strength, 
of the corresnondi ng' ’-'.-srm.il sliock rortion in the simulation experiments 
is goncr.all v v.-cal er T’l.'in t!:e lending shock and decreases ranid.ly as the 
cuT-o-f^f elcv.ntion is r.aciiod. P.-iscd on the aho-rc comrinri sons, it l'..ns been 
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concluilcd that tlir Vach reflection plienonenon alone cannot ilcscribe the 
flow field associated with the refraction sunerhoon cxnerimcnts. 

Pcpemlcnco of cut-off elevations on the body ^^^ch nunbev has been 
deternined exnerincntal ly for the leading, and wake shocks^ nesnitc 
the ratlier lar^e dispersion tliat exists about the riean curves, the 
results tend to indicate that, in pcncral, the Icadinn shock is reflected 
at an elevation sliy.litly below the theoretical caustic \dule tlie wake 
shock penetrates by a snail amount into the theoretical "silent cone" 
above the caustic bcfoi'c it is reflected. 

I 

Variatioii of the trijile-noint of the Icadinjr shock with body 
^!^cl\ minbcr has also been studied expe-^i mental ly^ . Tlie mean curves tend 
to indicate that tlie trip] e-jioint and cut-off elevations are C'^vaeident 
for sl;ricl;s of irfi ni tesinal stren^tli, in a.rrecinent with the prediction 
of tlie linee.' tlieovy. Hut, due to nonlinear effects, the triple-point 
and cut-ofr el cv.it ions »!o not coincide \:hcn real sl.ocks arc involved, 
for tills latter case, the reflection at tho c.austic fives rise to the 
trill! e- .sl'ock coiifi fiirat i on that I'as nei'tioncd earlier. 

Pependine, on the flow field behind the Icadiny sliuck, several 

rcfions have been identified incln-line. a "critical altitude" region where 

the flow speed behind the Icadinn slioek is tr.ansoiiic and where the pressure 

1 a f 

measurements indicarc the oeenrronco of eiiliancod sliock overpressures ’ ’ . 
The c.\pe ni neat s also show tli.if the maxiv.uri shock intensity occurs very 
ne.aily .at tho iioint where the ir.ciilent .and the reflocte.l siiocl.s join 
(i.e.. The t r i ;'l ;> no i nt 1 . i is' i rat i nn that the iire.<enre of rho ronectcil 
shoe- r..ay h.a\(' an. .learec i a!-] e ef-'oet on th.e r.n>-n. j ti; !e of tlie ''ood;; factor. 
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The larficst focus factor detected in the present simulation 
experiments is 1.7 and leads to an estimate that the constant in tl\c 
Guiraud -Tilery sc.alinc; law should have a value of 1.3' . This is in , 
agreement with the value that mipht be inferred from the NASA field 
test data. Furthermore, it is jicarly eoual to tlie previous theoretical 
estimate of 1.4 t^iven by Thery. ''Iiilo the Guiraud-Thery scaling law 
remains a topic for further investigation, the fact that both of the 
oxperincntnl ly derived values of the constant arree so well with the 
theoretically predicted one would tend to suf"cst its validity. 

CON'n.tinTNr. RfMARKS 

The results of the present research pror.rn.m have indicated that 
certain asnccts of the problem of enhanced sonic booms or superbooms nay 
be studied by simulatinc the plienonenon in a ballistic ranne. In particu 
lar, the results obtained from tb.e simulation experinents of acceleration 
suporbooms indicate the jircscnce of a shock concavity and the anpenrnnee 
of a fold inj^-1 i ke sl'ock structure in eases where weak sb.ocks (sliock ?!,ach 
numbers of about 1.03) are involved. By notinp that in the case of very 
stronp, shocks (shock Nnclv nnnl'crs of about 1.30) both focusinr and dc- 
fneusinr; (or tl atteni ncl of shock concavities .are observed and that no 
foldin"-like structure is detected in the available schlieren viewing, 
area, it is proposed rljat tlie fold-over hypothesis of the e.eometrical 
acoustics and the hy.'ot’u'sis of rb.it ban that concave sb.t'ci.s will 



straiRhton out without foldinj; ar« complementary rather than contradictory 
and that each nay apply under certain (but as yet not completely delimited) 
sliock conditions. Also in the same experiments, the existence of 
enhanced shock overpressure's at shock concavities has been established 
and, in connection with some suitable scaling laws, a ranftc of values is 
predicted for the magnitude of the focus factor in the case of real 
flipht situation which brackets tb.ose obtained from field test measurements 
The results of tlie simulation experiments of refraction suner- 
boons iiiilicato the formation of a Y-shaped shock confiruration as a 
result of reflection of the leadinp, shock near tlie sonic cut-off eleva- 
tion (elevation at which the body speed equals the sound speed). Pressure 
measurements liavc indicated the occurrence of cnlianccd over^iressurcs 
near the "critical altitude" where the flow speed behind the shock be- 
comes transonic, 'ly applying, a suitable scalinr; law, the peak focus 
factor to be expected in the case of throsl-.olJ Mach number flip.bts in 
the real atmosiihcrc has hecn predicted which compares favorably to those 
measured in real flir.ht tests. 
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